Abstract-A practical plasmonic THz fiber is described that features two metallic wires held together by the porous dielectric cladding. High porosity is required in order to guarantee low loss and low dispersion of guided modes.
I. INTRODUCTION AND BACKGROUND
T HE main complexity in designing terahertz waveguides is the fact that almost all materials are highly absorbent in the terahertz region [1] . Since the lowest absorption loss occurs in dry air, an efficient waveguide design must maximize the fraction of power guided in the air. Metal wire, can be used to transport terahertz pulses with virtually no dispersion and low attenuation [2] . However, it is difficult to couple an electromagnetic wave efficiently to the radially-polarized mode supported by such a waveguide. Also, high bending loss of a single wire waveguide limits practical applications of such waveguides.
Two-wire waveguides [3] [see Fig. 1 (a)] combine both low loss performance and high coupling efficiency. The modal pattern of this type of waveguide is very similar to the distribution of field emitted from a simple dipole, thus, resulting in efficient coupling of the linearly polarized field. The confinement of the modal power in a small area between the metal wires makes two-wire waveguides less prone to the bending losses and opens possibilities for various guidance, sensing and even non-linear applications. Finally, the absorption loses and the group velocity dispersion of the fundamental transverse-electromagnetic mode of a two-wire waveguide are extremely low [see Fig. 1 (c,d) ]. We explore several practical designs of the two-wire waveguides with a goal of making them more convenient to manipulate while retaining the outstanding optical properties of the plasmonic guidance mechanism. The proposed waveguide structure features porous dielectric cladding which is used for mechanical robustness, while the two metal wires are positioned inside of the judiciously arranged holes [4] . In their simplest implementation such composite fibers can feature dielectric cladding that has three closely positioned or interconnected circular holes [see 978-1-4673-4717-4/13/$31.00 ©2013 IEEE
The wave guiding in composite fibers is most efficient for the light polarized parallel to the line connecting the two wires. A typical modal pattern represents the mixture of a plasmonic mode guided by the two wires, and a TIR (total internal reflection) mode of the fiber dielectric cladding. The presence of porous dielectric cladding significantly complicates the modal structure of a composite fiber. The modes of such fibers can be approximately classified as "cladding" modes and core guided "plasmonic" modes. In order to distinguish core-guided plasmonic modes from the cladding modes, we first examine the dispersion relations, the losses and the excitation efficiencies of the modes of a stand-alone porous cladding. Among all the modes of a composite fiber [see Fig. 2 (c-f) ] there is one that clearly has no corresponding analogue among the modes of a stand-alone porous cladding, which we call the fundamental plasmonic mode of a composite fiber [depicted in Fig. 2 (b) ]. It extends into the very low frequencies «O.ITHz), while being well confmed within the fiber. This can be of advantage when compared to the fundamental mode of a porous fiber, which at low frequencies is highly delocalised in the air cladding outside of the fiber. In practical terms it means that even at low frequencies the fundamental plasmonic mode is suitable for guiding THz light due to its strong confinement in the fiber, consequently low bending loss, as well as low sensitivity to the perturbations in the environment or imperfections on the fiber surface.
The cladding modes of a composite fiber have consistently lower absorption losses as well as the modal group velocity dispersion compared to those of the cladding modes of a stand alone porous cladding. This is a simple manifestation of the fact that placing metal wires in the structure of a porous fiber leads to more efficient modal expUlsion from the neighbouring dielectric into air.
III. COMPOSITE FIBER FEATURING TWO METAL WIRES IN A SEVEN-HOLE POROUS CLADDING
Our simulations show that absorption losses of the modes of a three-hole composite fiber can be quite smaller than the bulk material absorption losses of a dielectric cladding, which is a direct consequence of the modal localization in the fiber central air hole and air cladding. At the same time, losses and group velocity dispersion of the modes of composite fiber were still much higher than those of a classical two-wire waveguide. In order to further decrease the absorption losses and broaden the waveguide's bandwidth it is essential to increase the fraction of power guided in the air by increasing the fiber porosity. In Fig. 3(a,b) we present a seven-hole fiber with holes placed in the vertices of an equilateral triangular lattice. The two metal wires are placed in the two opposing holes of the fiber, resulting in the THz light guided predominantly in the central air hole [see Fig. 3(b) ].
In Fig. 3 (c-t) we present dispersion relations, absorption losses, coupling efficiencies, and group velocity dispersion of the modes of a seven-hole composite fiber. Modal structure is dominated by the modes that are similar in nature to those of a three-hole fiber presented in Fig. 2 . However, transmission losses of a seven-hole fiber are significantly smaller than those of a three-hole fiber due to the higher porosity of a seven-hole fiber. The major difference between the two fibers is observed for the second plasmonic mode. The excitation efficiency of this mode in a seven-hole fiber is relatively high (20-70%) in a broad spectral range 0.59 THz-1.5 THz, while the maximal excitation efficiency of this mode in a three-hole fiber is only 20% at 0.8 THz. This, again, can be explained by the higher porosity of the seven-hole fiber. Finally, for a seven-hole fiber in the whole frequency range of 0.1-1.5 THz there exists a mode with efficient coupling of the excitation beam, that has a significant power guided in the hole between the two metal wires, and that has propagation loss 3 -1 0 times smaller than the cladding bulk absorption loss. 
